Abstract Diffuse idiopathic skeletal hyperostosis (DISH) is a systemic disorder of the axial and peripheral skeleton in humans and has incidentally been described in dogs. The aims of this retrospective radiographic cohort study were to determine the prevalence of DISH in an outpatient population of skeletally mature dogs and to investigate if dogs can be used as an animal model for DISH. The overall prevalence of canine DISH was 3.8% (78/2041). The prevalence of DISH increased with age and was more frequent in male dogs, similar to findings in human studies. In the Boxer breed the prevalence of DISH was 40.6% (28/69). Dog breeds represent closed gene pools with a high degree of familiar relationship and the high prevalence in the Boxer may be indicative of a genetic origin of DISH. It is concluded that the Boxer breed may serve as an animal model for DISH in humans.
Introduction
Diffuse idiopathic skeletal hyperostosis (DISH) is a systemic disease of the axial and peripheral skeleton [10] . DISH results in ossification of soft tissues including the longitudinal spinal ligaments and sites of attachment of tendons and capsules to bone. DISH was first described by Forestier and Rotes-Querol in 1950 [10] . In 1976, Resnick and Niwayama [28] postulated three criteria for the diagnosis of DISH which are now widely used in literature and may be helpful in differentiating DISH from other spinal disorders, such as spondylosis deformans, intervertebral osteochondrosis and ankylosing spondylitis. The prevalence of DISH varies with geographic location and ranges from 2.9% in Korea to 25% in the USA [13, 14, 32, 34, 35] . The variation in prevalence for DISH found throughout the world suggests a possible genetic and/or ethnic factor in the pathogenesis of DISH [6, 13, 34] . The etiologic factors are not yet clear but various metabolic, endocrinological, genetic and environmental factors have been suggested to contribute to its development [15, 18, 21] . DISH is associated with obesity and the incidence increases with body weight in both the genders [18, 20, 21] . DISH often remains asymptomatic but can lead to mild back pain, stiffness and restriction in spinal range of motion [3, 23] . In advanced stages of DISH, multiple level spinal ankylosis may lead to spinal cord compression or result in unstable fractures of the spine, even after trivial trauma, often mimicking clinical features of ankylosing spondylitis [4, 32] .
DISH has been described in two canine cases, in which both dogs showed orthopedic and neurological abnormalities and were eventually euthanized because of the severity of symptoms [22, 37] . Morgan and Stavenborn suggested that DISH and extensive forms of spondylosis deformans in dogs, a condition frequently described in veterinary literature, have many features in common [5, 17, 22] .
For more than 15,000 years dogs have lived with humans in comparable conditions [29, 33] . They share the same environment and are subjected to similar nutritional and toxic substances. The nutrition of dogs on commercial pet food diets has been researched intensively [8] . But yet a growing number of dogs develop obesity and estimations vary between 20 and 40% [11] . Endocrinological syndromes and conditions of the spine show great similarities between humans and dogs, and for specific diseases in humans, dogs may serve as a spontaneous disease animal model [2, 9, 16, 19] . However, no animal model has been described for DISH. Therefore the aims of the present study were: (1) to determine the prevalence and spinal distribution of DISH in an outpatient population of skeletally mature dogs, (2) to study the relation between DISH and age, gender, neutering status and breed and (3) to investigate if dogs could be used as an animal model for DISH. Radiographs of the thorax, abdomen and cervical and/ or thoracolumbar spine were all eligible for review. DISH was confirmed when the criteria of Resnick and Niwayama were met [28] . The radiographs were screened by the principal investigator according to a predefined scoring system: (1) DISH, (2) possible DISH and (3) no DISH. Radiographs marked with score 1 or 2 were re-reviewed by two investigators in a consensus meeting to confirm or refute the diagnosis of DISH. When consensus on the diagnosis was not established, a third investigator was consulted. The indications for radiographic examination were reviewed and categorized in three groups. Suspected thoracic abnormalities and screening for metastatic disease constituted the majority of indications (75%). The group 'spinal' included dogs that were examined for neurological or orthopaedic complaints (18%). In 7% the indication for the radiographs was an abdominal problem.
Materials and methods

Radiographs
Statistical analysis was performed using SPSS software (version 16.0). The Student's t-test was performed on the mean ages of dogs with and without DISH. Univariate analysis was performed on age, gender, neutering status, breed in general and in case one or more breed(s) appeared most affected, for a particular breed separately. Variables that were significantly related to DISH in the univariate analysis were subsequently analyzed in a multiple logistic regression model. Significance was set if p \ 0.05.
Results
From the total of 2041 dogs, 51.3% were male and 48.7% female. The mean age ± SE of all dogs was 7.2 ± 0.2 years (range 1-17 years). The mean age of dogs with DISH (8.9 ± 1.0 years, range 2-16 years) was significantly (p = 0.00) higher than the mean age of dogs without DISH (7.0 ± 0.2; range 1-17 years). The overall prevalence of DISH in this cohort was 3.8% (78/2041) (95% confidence interval (CI) 3.0-4.7) ( Table 1) . DISH was present in male dogs more frequently than in female dogs. In male dogs the prevalence of DISH was 4.3%, in female dogs the prevalence was 3.3%. Stratified into three age groups, DISH was more prevalent in older dogs (Table 1) .
Fifteen breeds were affected by DISH. Among these, only the Boxer breed showed an exceptionally high prevalence and reliable confidence interval: 40.6% (28/69) (95% CI 29.0-52.2). In contrast, two other popular dog breeds, the Labrador Retriever and the Bernese Mountain dog, that were well represented in the cohort, showed a low prevalence for DISH (2.5 and 2.0%, respectively) ( Table 2 ). In dogs of 18 other breeds, including the Beagle (a dog frequently used in experimental studies), DISH was not found. DISH was predominantly localized in the thoracolumbar spine (Fig. 1) . Two dogs showed DISH in the cervical spine, 52 dogs in the thoracic spine, 22 dogs in the thoracolumbar spine (Fig. 2) and two dogs in the lumbar spine (Fig. 3) .
Univariate analysis on parameters age, gender, neutering status and breed resulted in a statistically significant positive odds ratio of 1.22 for age only (95% CI 1.14-1.31, p = 0.00). The odds ratio's for gender of 1.31 (95% CI 0.83-2.07, p = 0.25) and neutering status of 1.09 (95% CI 0.69-1.71, p = 0.72) were not significant (p [ 0.05). The odds ratio for the most affected dog breeds was investigated and univariate analysis resulted in a significant positive odds ratio for the dog breed Boxer of 26.25 (95% CI 15.05-45.80, p = 0.00).
The parameters significantly related to DISH in the univariate analysis were subsequently analyzed in a multiple logistic regression model. This model showed that age (1.32, 95% CI 1.21-1.44) and dog breed Boxer (51.27, 95% CI 26.57-98.93) were significantly related to the presence of DISH (p = 0.00 for all parameters).
Discussion
Similar to humans, male dogs were more frequently affected by DISH than female dogs and the overall prevalence increased with age. A genetic background of DISH in humans was suggested to underlie the difference of the prevalence in ethnic groups with Caucasians being most frequently affected, compared to native Africans, AfroAmericans and Asians [6, 7, 13, 34] . The Boxer breed, like many inbred dog breeds, represents a closed gene pool with a high degree of familiar relationships [25, 26] . The high prevalence of a specific disease in a certain dog breed and absence of this disease in other breeds, is suggestive of a genetic mechanism [24] . The high prevalence of DISH in the Boxer breed may allow for the study of DISH in a spontaneous disease animal model. With the present knowledge of the sequenced canine (Boxer) genome [19, 25, 26] , future studies could focus on the elucidation of the gene or genes involved in the pathogenesis of DISH Table 2 Prevalence of DISH (number (%; 95% confidence interval) in eight large dog breeds ([25 kg) of which at least 60 dogs were available for screening using association studies with single nucleotide polymorphisms at high density [12] . When using the dog as an animal model for spinal research some biomechanical issues are important to consider. For example the direction of the gravity load on the spine in quadruped dogs is not the same as in bipedal humans and therefore the loading on the human spine is commonly assumed to be larger than that in quadrupeds. However, biomechanical measurements show the contrary. The muscle contraction forces and tension structures such as ligaments and intervertebral discs in the quadruped spine add substantially to the axial loading on the spine [36] which is actually larger in quadrupeds than in bipeds [1, 31] . This may limit how we extrapolate the results of canine experiments to humans [1] . The canine spine is loaded along its long axis just like the human spine [31] . The dog may serve as a valuable animal model for spinal research but, as with all animal models, care must be taken when transferring the results to the human situation [1, 30, 31] .
The segmental distribution of DISH in the spine in our cohort of dogs showed great similarities to that in humans. Resnick and Niwayama reported in their study of 215 cadaveric spines and 100 patients with spinal manifestations of DISH that the 7th to 10th thoracic vertebrae were most frequently affected, although lumbar involvement was also present. In addition, they noted a lower incidence in the most cranial thoracic vertebrae [2] . In the present study in dogs, DISH was found in similar locations as in humans. The caudal thoracic vertebrae and, to a lesser degree, the cranial lumbar vertebrae were most frequently affected in dogs.
No studies on DISH in dogs have been reported other than the case reports of Morgan and Stavenborn and Woodard et al. Both dogs were eventually euthanized because of extreme stiffness and pain of the spine and joints refractory to medical treatment [22, 37] . The bone formation along the spine in DISH probably originates from ossification/calcification of the anterior (or, in quadrupeds, ventral) longitudinal ligament whereas spondylosis deformans originates from the endplates of vertebral bodies. Spondylosis deformans is a common disorder in dogs and prevalences of spondylosis deformans ranging from 26 to 50% in Boxers have been published [5, 17] . The radiographic differentiation of both conditions, however, remains difficult in severe cases [27] . Morgan and Stavenborn suggested that DISH in dogs closely resembled extensive spondylosis deformans. In retrospect, it may have been more appropriate to use the term DISH for some of the severe cases of spondylosis deformans reported in dogs [22] .
In conclusion, the current radiographic study showed the presence of DISH in some dog breeds and demonstrated that its prevalence increased with age and was higher in male dogs. Considering the unusually high prevalence of DISH in the Boxer breed, this animal may serve as a spontaneous disease animal model for DISH in humans. Furthermore, our results are indicative of a genetic origin of canine DISH. Future research may be directed at the elucidation of the gene(s) involved in the pathogenesis of this disorder.
